Emerging evidence demonstrates that RUNX3 is a tumor suppressor in breast cancer. Inactivation of RUNX3 in mice results in spontaneous mammary gland tumors, and decreased or silenced expression of RUNX3 is frequently found in breast cancer cell lines and human breast cancer samples. However, the underlying mechanism for initiating RUNX3 inactivation in breast cancer remains elusive. Here, we identify prolyl isomerase Pin1, which is often overexpressed in breast cancer, as a key regulator of RUNX3 inactivation. In human breast cancer cell lines and breast cancer samples, expression of Pin1 inversely correlates with the expression of RUNX3. In addition, Pin1 recognizes four phosphorylated Ser/Thr-Pro motifs in RUNX3 via its WW domain. Binding of Pin1 to RUNX3 suppresses the transcriptional activity of RUNX3. Furthermore, Pin1 reduces the cellular levels of RUNX3 in an isomerase activity-dependent manner by inducing the ubiquitination and proteasomal degradation of RUNX3. Knocking down Pin1 enhances the cellular levels and transcriptional activity of RUNX3 by inhibiting the ubiquitination and degradation of RUNX3. Our results identify Pin1 as a new regulator of RUNX3 inactivation in breast cancer.
INTRODUCTION
The increased expression of estrogen receptor a (ERa) and the subsequently enhanced cellular responses to estrogen are the major risk factors in breast carcinogenesis. 1 Enhanced estrogen signaling through ERa is associated with initiation and progression of breast cancer. 2 Genetic alterations including the activation of dominant-acting oncogenes and the inactivation of specific tumor suppressor genes also contribute to breast cancer progression. 3 We have recently identified RUNX3 as a tumor suppressor in breast cancer and demonstrated that RUNX3 elicits its tumor suppressor function by targeting ERa for proteasome-mediated degradation. 4 RUNX3 belongs to the family of Runt-related transcription factors (RUNX), which have essential roles in development and carcinogenesis. 5 Functional inactivation of RUNX3 is frequently observed in a variety of cancers including breast cancer. Inactivation of RUNX3 in mammary epithelial cells leads to the development of ductal carcinoma in 420% of Runx3 þ / À female mice. 4 The expression of RUNX3 generally decreases during breast cancer progression, and inactivation of RUNX3 constitutes an early event in breast cancer progression. [6] [7] [8] Furthermore, loss of RUNX3 expression correlates with poor survival in breast cancer. 7 Therefore, the expression level of RUNX3 is closely associated with the initiation and progression of breast cancer and has been suggested as a potential biomarker for cancer diagnosis. 9, 10 Inactivation of RUNX3 could occur at the genetic, epigenetic or cellular levels. 11 Hemizygous deletion of the Runx3 gene is found in many breast cancer cell lines. 12 The promoter of Runx3 is often hypermethylated, which correlates to the expression of RUNX3 in breast cancer cell lines and breast cancer tissues. 8, 12 Additionally, cytoplasmic sequestration of RUNX3 is a frequent occurrence in breast cancer. 8 Although the detailed mechanisms for the genetic and epigenetic silencing of Runx3 are not clear, post-translational modifications of RUNX3 appear to be the key regulatory mechanism for inactivation of RUNX3 at the cellular level. Various post-translational modifications, especially phosphorylation, have been demonstrated to control the cellular functions of RUNX3. 13 RUNX3 is a serine (Ser)-, threonine (Thr)-and proline (Pro)-rich protein, and many of these residues are subject to phosphorylation by different kinases. 14 Phosphorylation of RUNX3 alters the functional properties of RUNX3, including its subcellular localization, protein stability, and its interaction with other proteins. 14 However, how phosphorylation actually changes different properties of RUNX3 is unclear.
Peptidyl-prolyl cis-trans isomerase (PPIase) Pin1 only binds to peptide motifs containing phosphorylated Ser/Thr residues preceding a Pro residue (pSer/Thr-Pro). It contains an N-terminal WW domain involved in protein interaction, and a catalytic C-terminal PPIase domain. 15 Upon binding to the pSer/ Thr-Pro motif via the WW domain, it catalyzes the cis-trans isomerization of the bond N-terminal to the Pro residue. This isomerization changes the conformation and the functional properties of the substrates. Pin1-mediated isomerization regulates the substrates' stability, phosphorylation status, protein-protein interaction and subcellular localization in diverse cellular processes. 15, 16 Pin1 is a key signaling molecule involved in breast development and breast cancer. 17, 18 Pin1 is overexpressed in breast cancer, and its levels positively correlate with the tumor grade in invasive breast cancer. 18 In tandem with its overexpression in breast cancer, Pin1 is capable of mediating multiple oncogenic pathways and contributes to the tumorigenic potential of cells during mammary carcinogenesis. For example, overexpression of Pin1 leads to the upregulation of cyclin D1 and the transformation of breast epithelial cells. 18, 19 Pin1 also upregulates estrogen responses by targeting ERa and its coactivator SRC-3. 20, 21 Furthermore, Pin1 enhances Notch1 transcription activation and tumorigenic potential in breast cancer. 22 Additionally, Pin1 downregulates the tumor suppressor promyelocytic leukemia protein to promote the proliferation of breast cancer cells. 23, 24 We have recently identified RUNX3 as a novel tumor suppressor in breast cancer; 4 however, its regulation in breast cancer is largely unknown. RUNX3 is a phosphorylated protein with multiple Ser/Thr-Pro motifs, raising the possibility that RUNX3 might be a target of Pin1. In an effort to understand the regulation of RUNX3 in breast cancer, we found that phosphorylated RUNX3 is specifically recognized by the WW domain of Pin1. Binding of Pin1 to four pSer/Thr-Pro motifs induces the ubiquitination, degradation and inactivation of RUNX3. Our results reveal a mechanism by which RUNX3 is inactivated by Pin1 in breast cancer and identify a novel function of Pin1 as a regulator of tumor suppressor RUNX3.
RESULTS

Pin1 levels inversely correlate with RUNX3 levels in human breast cancer cell lines and tissues
To investigate the possibility that Pin1 might be involved in the inactivation of RUNX3 in breast cancer, we first employed immunohistochemistry to examine the possible pathological correlation of the expression of Pin1 and RUNX3 in human normal breast and breast cancer samples. In human normal breast, the expression of Pin1 was barely detectable (Figure 1a ) but RUNX3 was highly expressed in these tissues. In contrast, in human breast cancer the expression of Pin1 was significantly enhanced, whereas the expression of RUNX3 was dramatically reduced (Figure 1a ). When we further examined the expression of Pin1 and RUNX3 in a cohort of 80 human breast ductal carcinoma samples, we observed that 490% of samples (19 out of 21) with high expression of Pin1 displayed low or no expression of RUNX3 ( Figure 1b ). Conversely, approximately 78% of samples (46 out of 59) with low levels of Pin1 had higher expression of RUNX3. Statistic analysis reveals an inverse correlation between the expression of Pin1 and RUNX3 in these cancer samples with a Spearman coefficient for correlation (Pin1 and RUNX3) of À 0.615 (Po0.01) ( Figure 1b ).
To further explore the possible relationship between expression levels of Pin1 and RUNX3, we examined the expression of Pin1 and RUNX3 in a panel of cell lines that include nontumorigenic breast epithelial cells and breast cancer cells ( Figure 1c ). In the nontumorigenic MCF-12A cells, expression of Pin1 was barely detectable, and RUNX3 expression was moderately high ( Figure 1c ). However, in most breast cancer cell lines, Pin1 was highly expressed, whereas the expression of RUNX3 was extremely low except for in HCC70 and MDA-MB-157 ( Figure 1c ). The overall expression of Pin1 seems to inversely correlate with the expression of RUNX3 in nontumorigenic breast epithelial cells and in some breast cancer cell lines (Figure 1c ), although the mRNA levels of Pin1 and RUNX3 in these cells do not precisely correspond to their protein levels ( Supplementary Figure 1) . To better examine the correlation between Pin1 and RUNX3 expression, we next determined the effects of Pin1 inhibition on RUNX3 expression in breast cancer cells. First, we knocked down the expression of Pin1 using small interfering RNA (siRNA) against Pin1 in RUNX3-MCF-7 cells, in which exogenous RUNX3 is stably expressed. 4 Ablation of Pin1 enhanced the cellular levels of exogenously expressed RUNX3 (Figure 1d ). Next, we knocked down the expression of Pin1 in MDA-MB-361 cells that express both Pin1 and RUNX3. Similar to the enhanced expression of RUNX3 in RUNX3-MCF-7 cells, depletion of Pin1 increased the levels of endogenous RUNX3 (Figure 1e ). Altogether, these results indicate that Pin1 regulates the expression of RUNX3.
Pin1 interacts with RUNX3 in a phosphorylation-dependent manner As Pin1 regulates protein functions through its prolyl isomerase activity by directly binding to phosphorylated substrates, 15 we then investigated whether Pin1 was bound to RUNX3. In an immunoprecipitation assay with ectopically expressed Pin1 and RUNX3, we found that immunoprecipitation of Pin1 coimmunoprecipitated RUNX3 from transfected cells (Figure 2a ). Furthermore, when the physical interaction between endogenous Pin1 and the endogenous RUNX3 was examined in MDA-MB-157 cells that express both Pin1 and RUNX3 (Figure 1c ), Pin1 coimmunoprecipitated endogenous RUNX3 ( Figure 2b ). Conversely, an IgG control did not immunoprecipitate RUNX3 ( Figure 2b ). These data indicate that Pin1 and RUNX3 interacts in vivo. The interaction occurs likely in the nucleus as both RUNX3 and Pin1 expressed in the nucleus and a significant amount of each colocalized ( Supplementary Figure 2) . To further explore the interaction between Pin1 and RUNX3, we employed an in vitro binding assay using purified recombinant glutathione-S-transferase (GST)-fusion proteins of Pin1. GST-Pin1 fusion proteins but not GST proteins pulled down a significant amount of RUNX3 from cell lysates of HEK293T transfected with Flag-RUNX3 ( Figure 2c ), further confirming a specific interaction between Pin1 and RUNX3.
Pin1 selectively binds to substrates that contain a pSer/Thr-Pro motif. 15 To determine whether the interaction between Pin1 and RUNX3 is also through such a mechanism, we pretreated the cell lysates with the calf intestinal alkaline phosphatase (CIP) before the GST pull-down assay. Treatment of cell lysates with CIP completely abolished the interaction between Pin1 and RUNX3, suggesting a phosphorylation-dependent interaction between Pin1 and RUNX3 ( Figure 2d ). The phosphorylation appears to occur on the Ser/Thr-Pro motif of RUNX3 as Pin1-associated RUNX3 was recognized by the anti-pSer/Thr-Pro (MPM-2) antibodies 25, 26 and the CIP treatment significantly reduced the phosphorylated RUNX3 ( Figure 2d ). These data suggest that RUNX3 might contain a pSer/Thr-Pro motif, which is recognized by Pin1. To further explore the interaction between RUNX3 and Pin1, we used MPM-2 antibodies to immunoprecipitate RUNX3 from RUNX3-MCF-7 cell lysates. As shown in Figure 2e , RUNX3 was co-immunoprecipitated with the MPM-2 antibodies but not with the IgG control, confirming that RUNX3 indeed contains a pSer/Thr-Pro motif. Collectively, these data demonstrate that Pin1 binds to RUNX3 in a phosphorylation-dependent manner, likely through the pSer/Thr-Pro motif.
Pin1 binds to four Ser/Thr-Pro motifs within RUNX3 Pin1 contains an N-terminal WW domain and a C-terminal catalytic PPIase domain. 15 The WW domain forms a pocket that specifically binds to phosphorylated substrates using side chains of Ser (S) 16, arginine (R) 17, tyrosine (Y) 23 and tryptophan (W) 34. 27 As Pin1 binds to phosphorylated RUNX3 (Figure 2d ), we then investigated whether the WW domain of Pin1 was involved in the binding to RUNX3. Mutation of R17 to alanine (A) significantly impaired Pin1's binding to RUNX3 and mutation of S16 or W34 to alanine completely abolished Pin1's binding to RUNX3 (Figure 3a ). In contrast, mutation of cysteine (C) 115 to alanine, which destroys the cis-trans isomerization catalytic activity of Pin1, 27 had no effect on Pin1's binding to RUNX3. These data indicate that WW domain of Pin1 is essential for its interaction with RUNX3.
As WW domain of Pin1 specifically binds to the pSer/Thr-Pro motif, we next assessed whether RUNX3 possessed such a motif that could be recognized by the WW domain of Pin1. To identify the specific pSer/Thr-Pro motif in RUNX3, we first determined which region of RUNX3 was involved in its association with Pin1. When GST-Pin1 was used to pull-down cell lysates containing fulllength RUNX3 or its various deletion mutants (Figure 3c , left panel), we found that full-length RUNX3 as well as its four C-terminal deletion mutants (deleted up to amino acid 234) retained the ability to associate with Pin1 ( Figure 3c including Thr 209, 212, 231 and Ser 214. To further determine which motif is in fact involved in Pin1 binding, we mutated each Ser or Thr to alanine alone or in combination and examined the abilities of these mutants to bind to Pin1. RUNX3 retained its ability to bind to Pin1 when any of these motifs was mutated individually (Figure 3d ). The binding of RUNX3 to Pin1 was completely abolished only when four motifs were mutated together ( Figure 3d ). An in vivo co-immunoprecipitation assay further confirmed the involvement of the four pSer/Thr-Pro motifs in the interaction since mutation of all four motifs disrupted RUNX3's interaction with Pin1 ( Figure 3e ). Collectively, these data demonstrate the possible redundancy of the pSer/Thr-Pro motifs of RUNX3 and that all four motifs are involved in the interaction with Pin1.
Pin1 negatively regulates the transcriptional activity of RUNX3 Having identified that Pin1 specifically binds to four pSer/Thr-Pro motifs of RUNX3, we sought to determine the functional consequence of this interaction. As RUNX3 is a transcription factor and the function of RUNX3 is closely associated with its ability to regulate the expression of a variety of genes, 5 we first examined the effect of Pin1 on the transcriptional activity of RUNX3. RUNX3 activates the TbRE luciferase reporter, which contains three RUNX-binding sites, 28 in the presence of constitutively activated TGF-b type I receptor (TbRI) in HEK293T cells (Figure 4a ). However, the transcriptional activity of RUNX3 was inhibited by the co-expression of wild-type Pin1 in a dosedependent manner but not by Pin1-C115A or Pin1-W34A ( Figure 4a ). These data demonstrate that Pin1 negatively regulates the activity of RUNX3 and that the inhibitory effect of Pin1 relies on its binding to RUNX3 via the WW domain and its cis-trans isomerase activity. A similar inhibitory effect of RUNX3 by Pin1 was also observed in the more physiologically relevant MCF-7 breast cancer cells ( Figure 4b The region of RUNX3 from amino acids 188 to 234 is important for its interaction with Pin1. Left: Schematic showing the domain structure of RUNX3 and various deletion mutants of RUNX3. Right: GST-Pin1-conjugated agarose was incubated with cell lysates containing transfected Flag-RUNX3 or its various deletion mutants as indicated. The recovered materials were immunoblotted for RUNX3 and its deletion mutants with anti-Flag antibodies. Levels of GST or GST-Pin1 were shown by coomassie brilliant blue staining (CBB). (d) Four Ser/Thr-Pro motifs in RUNX3 are important for its interaction with Pin1. GST-Pin1-conjugated agarose was incubated with cell lysates containing transfected Flag-RUNX3 or its various point mutation mutants as indicated. The recovered materials were immunoblotted for RUNX3 and its mutants with anti-Flag antibodies. (e) HEK293T cells were transfected with expression vectors for Myc-Pin1 and Flag-RUNX3 or Flag-RUNX3-4A as indicated. At 40 h after transfection, Flag-RUNX3 immunoprecipitates were prepared from whole-cell lysates and immunoblotted for Pin1 with anti-Myc antibodies.
the finding that the inhibition relies on the binding of Pin1 to RUNX3 (Figure 4a ), Pin1 failed to attenuate the activity of RUNX3-4A, although the transcriptional activity of RUNX3-4A was lower than that of wild-type RUNX3 (Figure 4c ).
To further confirm the inhibitory effect of Pin1 on RUNX3, we knocked down the expression of Pin1 in MCF-7 cells and examined the transcriptional activity of RUNX3. Treatment of the MCF-7 cells with Pin1 siRNA but not the control siRNA enhanced the transcriptional activity of RUNX3 (Figure 4d ). Together, these data suggest that Pin1 negatively regulates the transcriptional activity of RUNX3.
Pin1 reduces the stability of RUNX3 Pin1 regulates many protein functions by affecting the stability of its target proteins. 16 The inverse correlation between RUNX3 and Pin1 expression ( Figure 1 ) and the ability of Pin1 to downregulate the activity of RUNX3 (Figure 4 ) prompted us to investigate whether Pin1 might regulate the stability of RUNX3. To test this hypothesis, we ectopically expressed wild-type Pin1 or the enzymatically inactive Pin1-C115A in RUNX3-MCF-7 cells and examined the cellular levels of RUNX3. Expression of Pin1 in RUNX3-MCF-7 cells significantly reduced the cellular levels of RUNX3. However, co-expression of Pin1-C115A had little effect on the cellular levels of RUNX3, indicating that catalytic activity of Pin1 is required for this downregulation (Figure 5a ). When we treated the cells with proteasome inhibitor MG-132, we found that MG-132 reversed the decreased levels of RUNX3 (Figure 5b ), suggesting that reduced expression of RUNX3 is due to proteasome-mediated degradation of RUNX3. Consistently, the transcription of RUNX3 was not affected by Pin1 as RUNX3 mRNA remained at a similar level with or without Pin1 (Figure 5c ). Furthermore, Pin1 binding-defective RUNX3-4A mutant was resistant to Pin1-mediated degradation (Figure 5d ), indicating that the specific interaction is essential for the degradation of RUNX3 by Pin1.
To further evaluate the Pin1-mediated degradation of RUNX3, we compared the half-life of wild-type RUNX3 and RUNX3-4A in
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Flag-RUNX3 (c) Pin1 inhibits the transcriptional activity of RUNX3 but not RUNX3-4A. TbRE reporter plasmids were co-transfected with TbRI(CA) and expression vectors for RUNX3 or RUNX3-4A, alone or in combination with Pin1 into HEK293T cells. Luciferase assay was performed as in (a). Statistical analysis was performed using a student's t-test for two variables. (d) Depletion of Pin1 enhances transcriptional activity of RUNX3. MCF-7 cells were transfected with control or Pin1 siRNA. At 48 h after transfection, TbRE reporter plasmids were co-transfected with TbRI(CA) and expression vectors for RUNX3. Luciferase assay and statistical analysis were performed as in (a).
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the absence or presence of Pin1. Consistent with the finding that Pin1 stimulates RUNX3 degradation (Figure 5a ), expression of Pin1 reduced the half-life of RUNX3 from 44 to B2 h (Figures 5e and f). However, the half-life of RUNX3 was only slightly reduced when RUNX3 was co-expressed with Pin1-C115A (Figure 5e ), confirming that catalytic activity is important for Pin1-mediated degradation of RUNX3. When we examined the effect of Pin1 on the half-life of RUNX3-4A, we found that RUNX3-4A was unstable, with a much shorter half-life even in the absence of Pin1 (Figure 5e ). Nevertheless, RUNX3-4A was resistant to Pin1-induced degradation as co-expression of Pin1 barely changed the half-life of RUNX3-4A (Figure 5e ). These data suggest that phosphorylation of the four Ser/Thr-Pro motifs of RUNX3 has an essential role in regulating the stability of RUNX3, and that Pin1 decreases the stability of RUNX3 via direct physical interaction with RUNX3.
Pin1 induces the ubiquitination of RUNX3
Given that Pin1 stimulates the degradation of RUNX3, we next determined whether Pin1 promoted the ubiquitination of RUNX3, an event that is required for proteasome-mediated degradation. RUNX3 was moderately ubiquitinated in the absence of Pin1 when RUNX3 was co-transfected with ubiquitin ( Figure 6a ). However, coexpression of Pin1 significantly enhanced the ubiquitination of RUNX3 (Figure 6a ), indicating that Pin1 promotes RUNX3 ubiquitination in vivo. Pin1-induced ubiquitination of RUNX3 relied on its isomerase activity as co-expression of the catalytically inactive Pin1-C115A mutant failed to enhance the ubiquitination of RUNX3 (Figure 6a ).
As the interaction between Pin1 and RUNX3 via the pSer/Thr-Pro motifs is essential for Pin1-induced degradation of RUNX3 ( Figure 5 ), we next assessed whether the interaction was also important for Pin1-induced ubiquitination of RUNX3 by examining the ubiquitination of RUNX3-4A mutant. Compared with wild-type RUNX3, the ubiquitination of RUNX3-4A was significantly enhanced even in the absence of Pin1 (Figure 6b ). This enhanced ubiquitination of RUNX3-4A in the absence of Pin1 likely accounts for the reduced stability of RUNX3-4A with a shortened half-life ( Figure 5e ). However, ubiquitination of RUNX3-4A remained unchanged in the presence of Pin1 (Figure 6b ). These data suggest that the Ser/Thr-Pro motifs are required for Pin1-mediated degradation of RUNX3 (Figure 6b ).
To further confirm the Pin1-induced RUNX3 ubiquitination, we examined the ubiquitination of RUNX3 in RUNX3-MCF-7 cells by knocking down the expression of Pin1. Exogenously expressed RUNX3 was ubiquitinated in RUNX3-MCF-7 cells, which have high expression levels of Pin1 (Figure 6c ). Depletion of Pin1 by siRNA dramatically reduced the ubiquitination of RUNX3, indicating that Pin1 is indeed involved in the ubiquitination of RUNX3. Furthermore, when we examined the ubiquitination of RUNX3 in another breast cancer cell line, MDA-MB-361, which expresses both RUNX3 and Pin1, we found that the ubiquitination of endogenous RUNX3 was also diminished by the depletion of Pin1 (Figure 6d ). Collectively, these data suggest that Pin1 induces the ubiquitination of RUNX3 via its binding to the four Ser/Thr-Pro motifs through its WW domain.
DISCUSSION
Inactivation of RUNX3 is closely related to the initiation and progression of breast cancer. 4, 6 RUNX3 is inactivated by a variety of mechanisms including hemizygous deletion of the Runx3 gene, hypermethylation of the Runx3 promoter and mis-localization of the RUNX3 protein to the cytoplasm. 5, 9 In this study, we have identified PPIase Pin1-induced degradation as a new mechanism for the inactivation of RUNX3 in breast cancer. Pin1 directly associates with phosphorylated RUNX3 and induces RUNX3's ubiquitination and degradation, thus inhibiting the activity of RUNX3. The inverse correlation between elevated levels of Pin1 and reduced expression of RUNX3 in human breast cancer underscores the relevance of our findings for human carcinogenesis.
It is well recognized that Pin1 regulates protein functions by binding to the pSer/Thr-Pro motif within the substrates via its WW domain. 15 We find that Pin1 binds to RUNX3 both in vitro and in vivo and that the WW domain of Pin1 is essential for this interaction. Mutation of the key residues within the WW domain demolishes Pin1's binding to RUNX3 and its ability to suppress RUNX3 activity (Figures 3 and 4) . We also identify four pSer/Thr-Pro motifs in RUNX3 that are specifically recognized by Pin1 (Figure 3 ). Any one of the four motifs seems to be sufficient for Pin1 binding as mutation of each individual motif had no effect on Pin1 binding but mutation of all four motifs completely abolished RUNX3's binding to Pin1 (Figure 3) , reflecting a redundancy of these motifs of RUNX3. The regulation of RUNX3 by Pin1 might be conserved among other RUNX proteins as RUNX proteins are Ser/ Thr-Pro-rich, and RUNX1 and RUNX2 also contain multiple putative Pin1 recognition motifs. 5 Supporting this, we find that Pin1 also binds to RUNX1 and RUNX2 (data not shown). However, the four Pin1-binding motifs are uniquely present in RUNX3 but not in other RUNX proteins, raising the possibility that Pin1 might differentially regulate distinct functions of RUNX proteins by binding to different phosphorylated sites.
Phosphorylation of RUNX3 by various kinases has an important role in regulating the functions of RUNX3, including the subcellular localization and protein stability. 13 In this study, we identify four unique pSer/Thr-Pro motifs within RUNX3 that are recognized by Pin1. However, the identity of the kinase mediating the phosphorylation of these Ser/Thr-Pro motifs remains unclear. It has been proposed that cyclin-dependent kinases and mitogenactivated protein kinases (MAPKs) are the major kinases mediating the phosphorylation of Ser/Thr-Pro motifs of Pin1 substrates. 29 It is possible that cyclin D1 or cyclin E-dependent kinases might be involved in Pin1-induced degradation of RUNX3. Cyclin D1 has been shown to be involved in PTHrP-induced RUNX3 phosphorylation and degradation in chondrocytes, and these kinases are frequently overexpressed in breast cancers. 30, 31 It is also possible that a MAPK targets these Ser/Thr-Pro motifs and initiates Pin1-induced ubiquitination and degradation of RUNX3. Additionally, other kinases, besides cyclin-dependent kinases and MAPKs, have been shown to be able to phosphorylate pSer/Thr-Pro motifs and might phosphorylate the Ser/Thr-Pro motifs of RUNX3 as well. 15 The phosphorylation of Ser/Thr-Pro motifs by Pro-directed kinases has a key role in controlling various cellular responses in which Pin1 serves as a post-phosphorylation regulatory factor by changing the conformation of its target proteins. 15 Binding of Pin1 to the four Ser/Thr-Pro motifs of RUNX3 markedly impairs its transcriptional activity and induces its degradation. These results raise the question of how binding of Pin1 at these phosphorylated motifs promotes ubiquitination and degradation of RUNX3. These four motifs are located immediately C-terminal of the runt domain, a region that has been shown to be important for RUNX3 stability. 32 Binding of Pin1 to these phosphorylated motifs might induce the cis-trans isomerization of RUNX3 as cis-trans ismomerase activity of Pin1 is essential for Pin1-mediated ubiquitination and inactivation of RUNX3 (Figures 4 and 6) . Isomerization-mediated conformational change of RUNX3 might result in the engagement or disengagement of some RUNX3binding proteins. For example, conformational change might lead to an increased accessibility of a RUNX3 E3 ligase. Previous studies have shown that binding of Pin1 to phosphorylated Smad2/3 enhances the interaction of Smad2/3 with the E3 ligase Smurf2, which then triggers the ubiquitination and degradation of Smad2/ 3 and the downregulation of transforming growth factor-b signaling. 33 In this regard, Smurfs are also E3 ligases for RUNX3, and the binding of Pin1 to RUNX3 might similarly enhance the binding of these E3 ligases. 13, 32 Alternatively, binding of Pin1 to RUNX3 might prevent the binding of coactivators such as p300, which mediates the acetylation of RUNX3. Acetylation of RUNX3 is known to prevent its ubiquitination and enhance its stability and activity. 13 Our results also indicate that Pin1 inhibits the coactivation function of p300 on RUNX3 (data not shown). Therefore, binding of Pin1 to phosphorylated RUNX3 might inhibit p300-mediated acetylation, allowing the same lysines to undergo ubiquitination. It is also possible that binding of Pin1 affects its dimerization with CBFb, which has been shown to be important for maintaining the stability of RUNX proteins. 34 Our results clearly demonstrate that binding of Pin1 to phosphorylated RUNX3 induces its ubiquitination and degradation ( Figures 5 and 6 ). However, Pin1 binding-defective RUNX3-4A mutant displays similarly enhanced ubiquitination, reduced stability and transcriptional activity even in the absence of Pin1 (Figures 4-6) . These data suggest that phosphorylation of the four Ser/Thr-Pro motifs is crucial for the stability and function of RUNX3, and that binding of Pin1 might also contribute to the dephosphorylation of RUNX3. Such a function of Pin1 is not unprecedented. Pin1 has been shown to be involved in the recycling of phosphorylation/dephosphorylation of Cdc25C and tau proteins. 16, 35 By a similar mechanism, Pin1 might promote a conformation-specific phosphatase-mediated dephosphorylation of RUNX3. As such, Pin1 appears to serve as a molecular switch that dictates the fate of RUNX3 by controlling its phosphorylation status. It is likely that, when the levels of Pin1 are relatively low in normal breast cells, proper phosphorylation of RUNX3 at the four motifs stabilizes and activates RUNX3. However, when the Pin1 levels are increased through the progression of breast cancer, Pin1 binds to the phosphorylated RUNX3 and induces its degradation and inactivation. RUNX3 has been shown to be a tumor suppressor in a variety of cancers including lung and prostate cancers, and Pin1 is highly expressed in many of these cancers. 9, 36 Whether Pin1 similarly regulates RUNX3 function in these different cancers remains an interesting question and needs to be further explored.
Overall, our studies have explored the possible functional consequence of the physical interaction between Pin1 and RUNX3 in breast cancer. The specific interaction between the WW domain of Pin1 and the four pSer/Thr-Pro motifs of RUNX3 suppresses the activity of RUNX3 by inducing its ubiquitination and proteasomal degradation. The overexpression of Pin1 in many cancers and its ability to regulate a variety of target proteins suggest that Pin1specific inhibitors may have potential as anticancer drugs. 15, 37 Our findings further support this notion, as inhibiting the activity of Pin1 by siRNA or Pin1 inhibitor Juglone in breast cancer results in enhanced expression and activation of RUNX3 (Figures 1 and 4 and Supplementary Figure 3 ). Restoration of RUNX3 in breast cancer cells suppresses the proliferation and invasiveness of cancer cells. 4, 8 Regulation of the interaction between Pin1 and RUNX3 might also be a potential target for the prevention of breast cancer. Therefore, identification of Pin1 as a novel regulator of RUNX3 not only provides new insights into the tumor suppressor function of RUNX3 and its regulation in breast cancer, but also provides potential alternative approaches for the prevention and treatment of breast cancer by inhibiting Pin1.
MATERIALS AND METHODS
Cell lines, recombinant proteins and plasmids
Human breast cancer cell lines MCF-7, BT-20, HS587T, HCC70, T-47D, MDA-MB-157, MDA-MB-361, MDA-MB-231, human mammary epithelia cell line MCF-12A and human embryonic kidney HEK293T cells were purchased from ATCC (Manassas, VA, USA) and were maintained according to ATCC culture conditions. GST-Pin1 expression vector was kindly provided by Dr H.Y Kao (Case Western Reserve University). The GST-Pin1 fusion proteins were expressed in Escherichia coli BL-21 and purified according to the manufacturer's instructions (GE Healthcare, Piscataway, NJ, USA). Expression vectors for wild-type RUNX3 and its deletion mutants have been previously described. 38 Expression vector for Flag-Pin1 was kindly provided by Dr KP Lu (Harvard Medical School). Pin1-C115A, Pin1-W34A and RUNX3 Ser/Thr-Pro mutants were generated using Quikchange site-mutagenesis (Stratagene, San Diego, CA, USA) and mutations were confirmed by sequencing.
Antibodies
Antibodies against Flag, HA, Myc, ubiquitin and tubulin were from Santa Cruz Biotechnology Inc (Santa Cruz, CA, USA). Antibody against Pin1 was from R&D systems (Minneapolis, MN, USA) and antibody against RUNX3 was from Abcam (Cambridge, MA, USA). Anti-p-Ser/Thr-Pro antibodies were from EMD Millipore (Billerica, MA, USA).
Human tissue samples and immunohistochemical staining
Paraffin blocks of mastectomy specimens from a total of 80 invasive ductal carcinomas were obtained from the pathology department of the National University Hospital, Singapore after approval of ethical issues by the Domain Specific Research Board of the National Health Care Group (NHG) of Singapore (approval code B06/006). The detection of the expression of RUNX3 and Pin1 of the human tissue microarray was performed as previously described. 39 RUNX3 staining intensity was graded as previously described with a score 0-3. 6 Samples with a score 0 were graded as negative and samples with a score 1-3 were graded as positive. Pin1 staining intensity was graded the same as RUNX3.
siRNA treatment, immunoprecipitation and immunoblotting analysis
The pre-designed siRNA targeting Pin1 was purchased from Ambion (Austin, TX, USA). These siRNAs were used to transfect MCF-7 cells and MDA-MB-361 cells using Lipofectamine 2000 according to the manufacturer's protocol (Invitrogen, San Diego, CA, USA). Immunoprecipitation and immunoblotting analysis were performed as previously described. 40 Transient transfection and the luciferase reporter assay MCF-7 cells were transfected with Fugene 6 HD according to the manufacturer's protocol (Roche, Indianapolis, IN, USA) with 0.5 mg of TbRE3-luc, 28 0.5 mg of TbR-I(CA), 0.25 mg of Flag-RUNX3 and respective dosage of Flag-Pin1 or its mutants. HEK293T cells were transfected using calcium phosphate transfection method. At 48 h after transfection, firefly and renilla luciferase activities were measured with the dual luciferase assay system from Promega (Madison, WI, USA).
GST pull-down assay
Agarose beads containing GST or GST-Pin1 were incubated with HEK293T cell lysates transfected with various RUNX3 expression vectors in 500 ml immunoprecipitation buffer (50 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid, pH 7.4; 250 mM NaCl; 1 mM EDTA; 1% Nonidet P-40;
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